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ABSTRACT
Using The Marcus Inverted Region And Artificial Cofactors To Create A Charge Separated State In De
Novo Designed Proteins
by
Eskil Andersen

Advisor: Ronald L. Koder

To create an efficient de novo photosynthetic protein it is important to create long lived charge separated
states. Achieving stable charge separation leads to an increase in the efficiency of the photosynthetic
reaction which in turn leads to higher yields of end products, such as biofuels, electrical charge, or synthetic
chemicals. In an attempt to create charge separated states in de novo proteins we hypothesized that we
could engineer the free energy gaps in the proteins from excited primary donor (PD) to acceptor (A), and A
back to ground state PD such that the forward electron transfer (ET) would be close to the Marcus parabola
maximum to maximize the forward ET rate. At the same time, the reverse reaction would be overdriven
such that it lies in the Marcus inverted region where ET is slow. This would have the effect of creating a
charge separated state that lasts long enough for the electron to move away from the electron hole to
further electron acceptors creating a truly charge separated state. Our approach was to design proteins
that incorporate a synthetic amino acid able to attach covalently to a set of different viologens using Copper
assisted alkyne-azide cycloaddition (CuAAC) click chemistry. The proteins incorporate zinc porphyrins as
the primary electron donor, and an iron porphyrin as a placeholder cofactor or final electron acceptor. The
proteins constructs were investigated using steady-state fluorescence quenching for investigating the rate
of ET, TCSPC for fluorescence lifetime and transient absorption measurements at the picosecond
timescale.
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Protein constructs with viologens had their redox potentials determined through Dutton solution
potentiometry and it was found that covalent attachment has little effect compared to free viologen potential.
We have determined that it is feasible to click viologens onto the proteins, and we show that the ET obeys
Marcus kinetics. We also see evidence of ET in transient absorption measurements made on proteins
where the viologen forms a bridging position between the PD and the ultimate iron porphyrin electron
acceptor.
These findings introduce a novel range of artificial redox co-factors as well as providing evidence that it is
possible to use the Marcus inverted region to achieve charge separation in de novo proteins.
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1 Introduction
Photosynthesis is the primary mode by which organisms such as plants and algae acquire energy, which
entails absorbing the light energy from the sun and converting it into chemical energy. The energy captured
by terrestrial photosynthetic processes is truly enormous and is estimated to be on the order of 130
Terawatts (TW) per year1. Global human energy consumption per annum is on the order of 13.3 TW as of
2018, and the majority of this energy comes from fossil fuels like oil (40.8%), coal(10.0%) and natural gas
(16.2%)2. As such the photosynthetic processes that are currently ongoing, by themselves, generate
enough energy to power human civilization almost ten times over. The possibilities become even more
impressive when considering that the total irradiation of the Sun on the Earth is on the order of 122,000
TW. If it was possible to capture and distribute a mere fraction of this immense energy (i.e. on the order of
0.1%) humanity would have total freedom from dependency on non-renewable energy. The challenges of
course are great, and much progress must be made in the economic feasibility of generating solar-powered
energy. To that objective I have dedicated this thesis. It is my hope that it has contributed to our path to
creating an energy sustainable future.
The goal of my dissertation was to design and create both de novo proteins and synthetic cofactors that
when combined can achieve photosynthetic charge separation and make use of the Marcus-inverted region
in order to create stable charge separated states in the photosynthetic complex.
The success of creating such a construct opens the way for generating electricity in solar cells, or biofuels
in micro-organisms with components that can be cheaply made and consists of the most common earth
elements, e.g., carbon, nitrogen, hydrogen, zinc and iron. The bio-fuel application is of particular interest
since it can help to solve the energy storage problem.
Reconstructing photosynthesis in a de novo designed protein allows us to better understand the parameters
of natural photosynthesis and lets us make strides towards better and cheaper methods for generating
renewable energy. We will also be able to make photosynthetic complexes which are simpler to engineer
and possible to use in a modular fashion. For example, a photosynthetic complex could potentially be

1

integrated into a microorganism and coupled with other enzymes that organism could produce biofuels
such as butanol, or glycerol from sunlight and an appropriate carbon source like CO2.
In order to harness the energy present in light, it is at a minimum necessary to arrange a spatial
configuration of redox centers that can absorb photons and create a charge separated state by donating
and accepting electrons. By binding cofactors at specific sites in a protein, with well-defined geometries,
these kinds of configurations become real possibilities.
The work of Rudolph A. Marcus established that the dependence on the rate of ET and the free energy
driving force between electron donors and acceptors has a parabolic relationship3,4. We hypothesized that
if it was possible to make the free energy difference (ΔG) between the PD excited state and the A such that
the rate of ET approaches the maximum of the parabola, i.e., be close the reorganization energy, λ, while
at the same time making the driving force from the A to the ground state PD localize energetically in the socalled Marcus inverted region it would be possible for us to extend the lifetime of the charge separated
state. The Marcus inverted region is a counterintuitive phenomenon wherein increasing the free energy
driving force of an ET slows down the rate due to lower populations of reactant/product states able to accept
ET.
To achieve these targeted energies, We have devised a novel synthesis route for a set of viologen
derivatives spanning a potential range from −350 to −750 mV vs. SHE. These viologens have been fitted
with azidopropyl groups on one of the bipyridine ring nitrogen atoms for covalent attachment to proteins.
We have constructed de novo 4-helix bundle proteins that incorporate the artificial amino acid Lhomopropargylglycine (L-HPG) that can couple covalently to this set of viologens using CuAAC (copper
catalyzed azide/alkyne cycloaddition) click chemistry5. These proteins are capable of binding two metal
porphyrin cofactors, one of them pentacoordinate, and the other hexacoordinate (zinc, and iron porphyrins
respectively). The L-HPG residue of these constructed proteins was not only successfully incorporated but
has been successfully clicked (i.e. covalently bound) to all the novel viologens as well. We then carried out
steady-state fluorescence to measure the quenching that takes place in the presence of the clicked viologen
due to ET. We have also determined the redox potential of the viologen clicked proteins and from this data
we have established a Marcus curve, as well as calculated forward and reverse ET rates.
2

Finally, we have examined fluorescence lifetimes and ET kinetics using time-correlated single-photon
counting and transient absorption, and we have investigated the fast ET kinetics between zinc heme
(ZnPPIX) and pentamethyl viologen (MAPTV) using transient absorption measurements.

2 Charge separation in photosynthesis
The oxygenic photosynthesis process begins with the capture of solar photons and ends with creation of
sugars (carbohydrates), where the solar energy has been used to store the captured energy in bonds
between carbon atoms in the molecule. As a byproduct oxygen is released from the oxidation of water
which is conveniently used by animal life as an oxidant to power their own life processes6.
Natural photosynthetic systems utilize several redox active cofactors, which are small molecules bound to
proteins that serve as discrete sites for either donating or accepting electrons. These cofactors may for
example be hemes, chlorophylls, amino acids, or quinones7.
The whole chain of ET movements that begins with water splitting and ends with the generation of ATP and
NADPH is shown in Figure 1. This is the so-called Z-scheme that involves Photosystem I and II.
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Figure 1 Representation of the z-scheme which shows how electrons from water move through an electron transport
chain in order to generate energy in the form of ATP and NADH1.

The primary event in natural oxygenic photosynthesis is the charge separation that takes place when
Photosystem II (PSII) is irradiated by a photon which can be absorbed by its primary pigment which is the
chlorophyll a dimer. This event is called photoexcitation and leads to the chlorophyll transitioning into an
excited state where an electron from the highest occupied molecular orbital (HOMO) of the molecule is
promoted to the lowest unoccupied molecular orbital (LUMO) (in actuality the excited state is delocalized
over four chlorophylls, PD1, PD2, ChlD1, ChlD2). This high potential energy electron will at some point dissipate
its excess energy according to thermodynamic principles (i.e., the tendency of total entropy to increase
monotonically over time). In PSII the way the electron achieves this is most commonly through the event of
transferring itself to an acceptor molecule. The kinetic and thermodynamic reasons for doing this is that the
acceptor is both near the electron donor and has a higher (i.e. more positive) redox potential than the
excited state PD which is what allows it to dissipate some of its energy by moving the electron to the electron
acceptor.

1

This figure was based on work by https://en.wikipedia.org/wiki/User:Bensaccount. This file is licensed
under the Creative Commons Attribution-Share Alike 3.0 Unported license
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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After the electron moves the primary donor gains an electron hole which makes it thermodynamically
attractive for the acceptor to simply return the electron to the primary donor (the PD has now entered a
state of high redox potential which means that the free energy driving force is large), and as such dissipate
all of the energy gained from the photon and returning the system to its ground state. Thus, for any type of
photosynthesis to be effective such a return to the ground state must be an infrequent and discouraged
event. The way PSII, or any other charge separation system, deals with this problem is two-fold. The charge
can first be further removed from the PD by moving through a sequence of electron acceptors which
spatially separates the electron from the created electron hole. Secondly, the PD can be electronically
backfilled itself by another donor molecule. In the case of PSII this donor is a tyrosyl radical which gains its
electrons from the oxygen evolving complex’s (OEC) abstraction of electrons from water.
In PSII the excited electron rapidly moves over a sequence of cofactors: In about 300 ps the electron
transfers to the specially bound plastoquinone QA, then to the binary-gating QB (meaning that it stores an
electron until another ET events allows it to release its held electron8) and then to the QC plastoquinone
that mediates the transfer of the electron to the liquid PQ pool.
Simultaneously the OEC is oxidizing water in order to replenish the electrons transferred out in the
photosynthetic charge separation process. The OEC itself is a subdomain of the PSII that consists of a
MN4Ca cluster, with associated amino acid ligands along with bound substrate water molecules9. This
system can abstract four electrons by oxidizing two water molecules in a series of steps called the Kok
cycle10. These electrons then proceed by ET to an amino acid ligand of the OEC known as Tyrz (tyrosine
being a redox active amino acid) which can then replenish the electron hole left on P680+ through another
ET step7.
Taken together these functions prevent charge recombination and create the necessary conditions for the
possibility of the photon energy to be captured in a useful form.

2.1 A theoretical minimal photosynthetic charge separation construct
The minimal functional construct that can photosynthetically create a long-lived charge separated state
consists of three cofactors viz. a PD that is photoexcitable, along with an acceptor cofactor (A) to accept
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the high energy electron, and a donor cofactor (D) that can fill the hole left on the PD. As the distance
between the electron and the hole increases the recombination rate exponentially decreases towards zero.
Such a construct has been termed the photosynthetic cofactor triad (PCT)11. The charge separation function
of the PCT does not only depend on the nature of the cofactors (mainly redox potential), but also on their
spatial distribution. In a theoretical treatment it was found that the highest yield of charge separated states
occur when the PD cofactor is closest to the A cofactor, rather than the D cofactor, and in fact natural
systems seem to obey this rule as well12. The stepwise process of charge separation in a PCT is shown in
Figure 2.
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Figure 2 Scheme representing charge separation in a PCT. A) Photon absorption excites an electron in the PD to its
LUMO orbital which is signified by PD*. B) An electron is transferred to the A, leaving a hole on the PD (now positively
charged). C) An electron is transferred from the D to the PD+ which moves the electron hole to the D cofactor instead.
D) This represents the charge separated state where the electron is spatially separated from the electron hole such
that they cannot readily recombine.
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2.2 The physics of photosynthetic charge separation
2.2.1 Light absorption
The primary donor must become excited by photonic energy in order to transition into an excited state. In
nature this task is performed by light-harvesting complexes (LHCs) which are complexes of pigments and
proteins which deliver excitation energy by exciton transfer to the photosynthetic reaction centers. For our
purposes however we will consider excitation of the primary donor by direct photonic absorption by the PD
cofactor when irradiated. For energy transfer to take place between a PD pigment and a photon there must
be an absorptive spectral overlap in the UV-vis region with the wavelength of the photon which is the range
of the spectra in which PD electron excitations are possible. It is for this reason that the pigments have
colors and depending on their specific structure they can absorb light in different regions of the UV-vis light
spectrum. PDs achieve these absorptive properties by overall similar means. Either by being aromatic
macrocycles such as the chlorophylls, coupled with metal ligation, or by having alternating extended
single/double chemical bonds between their constitutive atoms as in the carotenoids. The common feature
here is that these molecules contain resonance structures that create HOMO-LUMO gaps at sufficiently
low energy differences that they are capable of absorbing light energy.

2.2.2 The Marcus theory of electron transfer
ET in photosynthetic processes are redox reactions wherein the oxidation states of the electron donor and
acceptor change by transferring and receiving an electron respectively. The class of reactions that we are
interested in are called outer-sphere ETs which classify ETs taking place between redox centers which are
not covalently linked. Since the participating centers are not covalently linked the electron must hop
between them through space and the kinetics proceed through a set of steps in photosynthetic complexes,
viz.
1. Donor and acceptor must rearrange their structures and that of the surrounding solvent in order to
form an activated complex (AC). This re-arrangement is purely in terms of orientation of the solvent
and changes in bond length of the reactant cofactors – no covalent bonds are being broken or
changed.
2. The electron then transfers between the participants in the AC
8

3. The donor and acceptor relax into their new configurations by again rearranging their bond length
structures and the orientation of the solvent molecules. By re-orientation of the solvent’s dipoles
the changes in the electron charge’s position is energetically stabilized.
The whole process is shown schematically in process (1) wherein it is seen that the D and A first come
together to form the AC and then transition into the charge separated state.
𝑫

𝑨 → 𝑫…𝑨 → 𝑫

𝑨

(1)

Marcus theory is a formulation for describing the rates of ET reactions between outer shell donors and
acceptors (it was later extended to explain inner shell ETs as well). It was in fact Marcus who first
understood the importance of the outer shell, i.e. the solvent in these types of ET reactions. Marcus theory
thus supersedes Eyring’s transition theory13 in such conditions since it can describe a transition taking place
without strong coupling between participating reactants.
ET itself is very rapid relative to the transition of the excited donor/acceptor pair into its activated state (it
differs by several order of magnitude). This has the consequence that the nuclear coordinates of the pair
remain fixed before and after the ET takes place. It is therefore the formation of the activated complex which
is the rate-limiting step. The ability of the AC pair to rearrange itself is limited, so the main contribution to
complex activation comes from the way the surrounding solvent molecules orient, and thereby polarize the
environment. It is for this reason that the ET reaction is highly dependent on the physical environment of
the donor/acceptor pair. In proteins the question becomes whether the pair is more exposed to the
hydrophobic contacts of its surrounding protein structures or to highly dipolar water molecules.
The transition state of the pair cannot be in its initial state, nor can it be the state that comes after the ET.
Indeed, this state must be in the middle, i.e. a configuration where an imagined divisible electron is partially
on the donor side, and partially on the acceptor side thermodynamically speaking. This is however a merely
imagined state since the electron is an indivisible particle and must reside on the donor side initially. The
consequence thereof is that the transition state cannot be an equilibrium state and energy must by necessity
be supplied in order to create the AC state. The required energy is called the reorganization energy, and is
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denoted by λ, and may be provided from heat fluctuations of the environment. Since the ET is a discrete
event following the creation of the activated state the necessary energy to create the polarization can go
only into correctly orienting the solvent, and to a minor degree reorganize the cofactors, but the electron
does not itself contribute to the change in polarization (The ET itself may be imagined as instantaneous).
The transfer of the electron itself is governed by quantum mechanics (QM) and takes place by electron
tunneling and is therefore a probabilistic event. On the QM level ET is described by Fermi’s golden rule
which governs transitions between weakly coupled states14. Fermi’s golden rule (2) (FGR) is a formula that
describes the transition rate from one quantum energy state to another. For our purposes we may use FGR
to describe the transition from the eigenstate where the electron is on the donor to the eigenstate when the
electron is at the acceptor.

𝒌 𝑫→𝑨

𝟐𝝅
|𝑯𝑫𝑨 |𝟐 𝝆
ℏ

(2)

The left-hand side of (2) describes a transition of states from the electron on the D to the electron on A.
ℏ is the Planck constant (quantum of action).
The Hamiltonian transition matrix HDA (AKA electronic coupling) derives from perturbation theory and can
be thought of as the perturbation that transitions the electron from the initial state (located on the donor) to
the
𝐻

final

state

𝑓|𝐻 |𝑖

(located

on

the

acceptor)4,15.

In

bra-ket

notation

we

may

write

it

as

where f is the final state, i is the initial state and H’ is the perturbation between the final

and initial state. In simple terms this can be interpreted as the probability of transition. Since the electronic
coupling in protein redox centers is considered weak the ET reactions that take place between them are
considered non-adiabatic16. This means that HDA takes on a small value compared to the reorganization
energy λ and the donor and acceptor retain their identity meaning that the nuclear coordinates of the redox
centers remain the same before and after the transition.
ρ describes the density of states available to accept the transferring electron. This is also known as the
Franck-Condon factors. The Franck-Condon factor corresponds to the sum of products of overlap integrals
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of reactant and product wavefunctions17,18. These wavefunctions are both vibrational and solvational and
weighted by their Boltzmann factors that give them their thermodynamic statistical distribution19.
The classical formula for describing a reaction rate comes from the Eyring equation20. It can for example
describe the rate constant for a particle transitioning from D to A and is formulated in 3).

𝒌

𝚫𝑮∗

𝒌𝑩 𝑻

𝑨𝒆𝒙𝒑

(3)

Δ𝐺 ∗ is the standard free energy of activation and represents the free energy of the transition state. This is
the energy barrier that must be overcome for the electron to move from D to A. Δ𝐺 ∗ depends on the
reorganization energy, λ, as shown in (4).

𝚫𝑮∗

𝝀

𝚫𝑮°
𝟒𝝀

𝟐

(4)

Here Δ𝐺° represents the standard free energy of the redox reaction and is given by the Nernst equation.
If we expand 3) with (4) we get:

𝒌

𝑨𝒆𝒙𝒑

𝝀 𝚫𝑮°
𝟒𝝀𝒌𝑩 𝑻

𝟐

(5)

In the low coupling limit, it is appropriate to give the transition rate a quantum-mechanical treatment in order
to later arrive at a semi-classical expression.
We can rewrite (2) as

𝒌𝒆𝒕

𝟐𝝅 𝟐
𝑯
ℏ 𝑫𝑨

𝑭𝑪 𝒗 𝒑 𝒗𝒓
𝒗𝒓 ,𝒗𝒑

(6)

Here vr and vp are the quantum vibrational numbers for the Franck-Condon factors of the reactants and the
products respectively (electron at D vs electron at A).
We have now split up the Franck-Condon factors into the vibrational overlap factors (FC)v and p(vr) which
is the Boltzmann probability of finding the system in the in the vibrational state vr. If we now choose to treat
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the inner-shell coordinates as harmonic (or Morse) oscillators, but the outer-shell solvent in a classical
sense as motional (i.e. translational and rotational) or librational (i.e. a constrained oscillation of a noncovalently bound molecule such as water), in the high temperature limit (6) reduces to

𝒌𝒆𝒕

𝟐𝝅 𝟐
𝟏
𝑯𝑫𝑨
𝐞𝐱𝐩
ℏ
√𝟒𝝅𝝀𝑹𝑻

𝝀

𝜟𝑮𝟎
𝟒𝝀𝑹𝑻

𝟐

(7)

ΔG is the free energy of the reaction given a separation of the redox centers, r, in the given medium and is
negative for an exothermic reaction. If we desire to we may state that λ is the per molar reorganization
energy in order to express the ET rate in terms of the Boltzmann constant kb as in (8).

𝒌𝒆𝒕

𝟐𝝅
ℏ

𝟏
𝟒𝝅𝝀𝒌𝑩 𝑻

𝑯𝟐𝑫𝑨 𝒆𝒙𝒑

𝝀 𝚫𝑮𝟎
𝟒𝝀𝒌𝑩 𝑻

𝟐

(8)

The distance between reaction centers is not explicit in this formulation but can be understood as being an
implicit part of the strength of the electronic coupling HDA and the free energy ΔG . As can be seen we now
have an expression that is a mix of the classical Eyring equation, and the quantum-mechanical treatment
of ET in Fermi’s golden rule.

2.2.3 The Moser-Dutton ruler
When Moser & Dutton investigated ET in oxidoreductases (ORs), the largest group of enzymes classified
by IUPAC, they determined an empirical relationship between the redox potential of the cofactors involved
and the rate of ET21,22.
Many ORs have properties of nonadiabatic, long distance, and single electron-tunneling between PD and
A cofactors. This property makes these types of ORs subject to non-adiabatic Marcus theory treatment.
This empirical relationship came to be known as the Moser-Dutton ruler and is stated in (9).

𝐥𝐨𝐠 𝟏𝟎 𝒌𝒆𝒕

𝟏𝟓

𝟎. 𝟔𝑹

𝟑. 𝟏 𝚫𝑮𝟎
𝝀

𝝀

𝟐

(9)

(9) allows a protein designer to parameterize the ET rate to a first order approximation using only the
distance between the redox cofactors and the free energy difference between the cofactors. Instead of
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computer intensive and complicated quantum mechanical calculations as is required in (8), the question of
protein design becomes a mainly a question of what cofactors to use and where to insert them in the protein.

2.2.4 The Marcus inverted region
Due to the parabolic nature of the intersecting nuclear-coordinate vs. potential curves of the reactant and
product states in an ET reaction Marcus hypothesized what has come to be known as the Marcus inverted
region3. As the free energy driving force difference between donor and acceptor becomes increasingly large
(i.e. becomes greater than λ) ET should begin to slow down due to the fact that there will be fewer and
fewer populated energetic states on the reactant side matching the transition energy of the product side.
Marcus was ultimately proven to be correct through experimental evidence in 1984, three decades after
making this prediction.23

Figure 3 Marcus parabolas and the Marcus inverted region. A-D Represent the potential energy curves of the reaction
coordinates of the reactants (R) and the products (P) (R being the PD and A before electron transfer, and P being the
same cofactors after electron transfer). The nuclear coordinates are represented on the abscissa while the potential
energy is represented on the ordinate axis . From left to right (A-D) the 𝛥𝐺 between R and P is decreasing. E shows
the natural logarithm of the ET rate for each situation. C) is an example where the lowest energy state of R (and
therefore the most highly populated) coincides with an energy state in P. This is an example of a so called barrier less
transition and represents a situation of maximal electron transfer. D) is an example of an overdriven reaction where the
ET rate is slowing down due to the free energy difference becoming greater than the reorganization energy λ.
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3 Charge separation in de novo proteins
3.1 De novo proteins
The first de novo protein designs and expressions became mise-en-scène towards the end of the 1980s.
The approach taken by DeGrado et al. was to design a 4-helix bundles using a systematic approach and a
limited number of amino acids24. They realized that there was a natural pattern in 4-helix bundles where
apolar residues at the i-4, i and i+4 form a ridge that packs against residues k-3,k , and k+3 of a neighboring
helix. Therefore, if you can get the packing between helices right you ought to be able to create a stable
structure due to the creation of a hydrophobic core.
Their design parameter was to maximize the pseudo-222 symmetry that is found in natural 4-helix
bundles25. In other words, they proceeded to design a highly regular structure that mirrors itself for each
three-dimensional rotational axis. Their initial helices consisted of only Glu, Leu, and Lys with a proline
linker to create covalently linked dimers. The first helices were found to form dimer-trimers, but by simply
adding arginines to the linker structure it was possible to create 4-helix dimer-dimers. This was an early
indication of the great design space available for the design of four helix bundles.
This work has been further expanded on, and 4-helix bundles capable of binding different cofactors have
been successfully created. Of particular interest to my work, it has been possible to bind porphyrin cofactors
such as heme26 and chlorophyll27, and even abiological cofactors28
The four-helix bundles used in this work were all based on a protein that we designed called H4 or HHHH,
which in turn was based on the progenitor HP7 which binds two hexacoordinate heme with histidines at the
open ends of the 4-helix bundles.29 However, where HP7 was a homo-dimer, linked together by a cysteine
bridge, HHHH is a single chain protein.
From HHHH, one of the residues was mutated into HHHF changing one of the binding sites from a histidine
into a phenylalanine. This changed the site so that it was capable of ligation of a pentacoordinate heme,
such as zinc heme (ZnPPIX).
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We realized that there were two tryptophans (Trp) located near the penta-coordinate site. We suspected
that these Trp residues would cause fluorescence quenching which would interfere with our ET
experiments. These residues were subsequently mutated into phenylalanines and we named the resulting
protein Photo HHHF. A cartoon model of Photo HHHF is shown in Figure 4.

Figure 4 Photo HHHF single chain 4-helix bundle in a cartoon representation of its secondary structure. The α-helices
are represented by cylinders and loop regions are represented by curves. The protein has two porphyrin binding sites.
It can bind a hexacoordinate heme such as FePPIX between helix 1 and 3, and a pentacoordinate heme such as
ZnPPIX between helix 2 and 4. The amino acid composition of the protein is represented by their single letter codes.

3.1.1 Artificial amino acid incorporation and click chemistry
The incorporation of synthetic, or non-standard amino acids into a protein chain is capable of endowing it
with novel structural and functional properties30,31. This field is not novel per-se, it was already demonstrated
in 1957 that it is possible to substitute methionine for selenomethionine in protein expression32, and this
15

discovery has revolutionized protein crystallography33. The field has expanded into an exciting discipline of
its own, and as of 2010 it is possible to insert approximately 70 unnatural amino acids into E. coli, yeast
and mammalian cells.34
We wanted to explore whether we could incorporate artificial amino acids into a protein chain in order to
form covalent bonds to synthetic cofactors using click chemistry. Click chemistry is a concept that was
coined in 2001 by K. B. Sharpless to describe a sphere of chemical reactions that are high yielding, wide
in scope, specific, and easy to purify35. One of these reactions is the azido-alkyne Huisgen cycloaddition
which is a 1,3-dipolar cycloaddition between an azide and an alkyne that yields a 1,2,3-triazole molecular
bond structure36.
We choose to use the amino acid L-homopropargylglycine (see Figure 5) which can be incorporated into
the expressing protein chain in the place of methionine by forcing a methionine auxotroph to substitute it
when the growth medium is starved of L-methionine (L-met).
Then by synthesizing cofactors which have an azide moiety they can be clicked onto the purified protein
using Cu(I) as a catalyst (the CuAAC reaction).

Figure 5 L-homopropargylglycine (L-HPG) is an artificial amino acid with a triene moiety at the end of the amino acid
side chain.

3.2 Electron donors and acceptors
3.2.1 Zinc protoporphyrin IX
Zinc protoporphyrin IX (ZnPPIX) is a heme molecule that coordinates a central zinc atom instead of the
natural iron atom. ZnPPIX is a fluorescent heme with strong Soret37 and Q-band absorption38. It also has a
long excited triplet state which makes it favorable for ET studies39. ZnPPIX ET properties, photochemical
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properties and photoinduced energy has been studied in a series of natural proteins such as zinc
cytochrome40, zinc cytochrome c peroxidase41, zinc myoglobin42 and zinc hemoglobin43. The excited state
of zinc porphyrin is highly energetic and relatively long lived which makes it capable of being a high
yielding/high energy electron donor.

3.2.2 Viologens
Viologens are N-1,1’ substituted 2,2’- or 4,4’-bipyridinium organic molecules. Viologens in their dicationic
form can typically undergo two one-electron reductions. Their redox potential range is in the low range (e.g.
−350 mV for benzyl viologen vs. SHE and down to e.g. −830 mV vs SHE for 1,1’,3,3’-tetramethyl viologen).
They get their name from the fact the 4,4’-viologens turn purple in color upon electron reduction. The ET
reaction is fast for viologens since there is little structural change induced because of the process.
The redox potential of the viologen can be modified based on nitrogen and ring substituents. The following
four viologens are used in this study: Benzyl viologen with the highest redox potential at −350 mV vs SHE,
then methyl viologen at -440. By adding methyl groups to the bipyridine ring itself the redox potentials can
be further lowered owing to the electron donating Hammett effect that these methyl substituents induce44.
1,1’,2,2’-tetramethyl viologen has a redox potential of
a redox potential of

550 𝑚𝑉 and 1,1’,2,2’,6,6’-hexamethyl viologen has

750 𝑚𝑉 vs. SHE45,46. This taken together allows us to fine-tune the acceptor potential,

and to measure the ET Marcus curve for a given protein, and it allows us to create conditions where we
can put the forward ET reaction in the normal Marcus region, while overdriving the back-transfer by putting
the free energy driving force into the Marcus inverted region.
The 1,1’-nitrogens are nucleophilic centers which means that substituents can be added to those nitrogens
through the SN2 reaction. Our strategy was to add a methyl on the nitrogen atom of one ring of the bipyridine,
and an azidopropyl arm on the other for click chemistry attachment. This way we hypothesized that we
could get the redox properties of the viologen, while having the viologen covalently attached to proteins as
a redox cofactor. The chemical structures of the viologens are shown in Figure 6.
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Figure 6 The four viologen derivatives used in this study. A) 1-azidopropyl,1'-benzyl-4,4'-bipyridinum (BAPV), B) 1azidopropyl,1'-methyl-4,4'-bipyridinium (MAPV), C) 1-azidopropyl,1,2,2'-trimethyl-4,4'-bipyridinium (MAPDV) D) 1azidopropyl,1,2,2',6,6'-pentamethyl-4,4'-bipyridinium (MAPTV).

4 Designing charge separation proteins
We designed three proteins to test their electron transfer properties. The first protein is a dyad based on
Photo HHHF called Photo Loop 32HPG. As the name implies it has an L-HPG residue located at the 32nd
position which is in the middle of the loop region between α-helix 1 and 2. This residue is closely positioned
to the pentacoordinate ligation position which puts the clicked viologen in near proximity to the PD. The
design and the possible events following photon absorption are shown in Figure 7. On photoexcitation the
PD goes into the excited state. From there it can relax either by a radiative process which means
18

fluorescence or phosphorescence. It can also relax back to the ground state through a non-radiative
process which means that the excitation energy is dissipated as heat. Lastly the PD* can relax by
transferring an electron to the viologen. This electron could theoretically return to the PD, but it’s a very
uphill reaction thermodynamically speaking. Most likely the electron will go back to the ground state PD
after some time. This design allows us to study electron transfer in terms of the viologen acceptor. By
varying the viologen acceptor and measuring the rate of electron transfer a relationship with the free energy
driving force can be established (Δ𝐺 in (8) and (9)).
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Figure 7 Photochemical process of ET in the Photo loop32HPG-cofactor complex.

The two other proteins have the L-HPG residue located in a bridging position between the two porphyrins
on the solvent facing side of helix 2, the residue number is 55. The hypothesis is that the viologen can act
as a penultimate electron acceptor that in turn transfers an electron to the iron porphyrin final electron
acceptor. The first protein is named Photo Bridge Outside. We then made a version of this protein with a
tyrosine in the 1st loop region of the protein. The idea is that much like in PSII the tyrosine can back-fill the
electron hole left on the primary donor after it transfers an electron. The cartoons in Figure 8 and Figure 9
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show the salient features of these proteins as well as the electron transfer processes that may take place
upon photoexcitation.

Figure 8 Photo Bridge outside. Schematic of ET reactions. A) An electron on ZnPPIX is excited by the cofactor
absorbing a photon. B) In the excited state an electron is transferred onto a viologen acceptor. C) The electron is further
transferred onto the FePPIX cofactor. D) A charge separated state has been achieved where the electron has separated
from the ZnPPIX cofactor to the FePPIX cofactor.

Figure 9 Photo Bridge Outside Tyrosine. This protein is the same as Photo Bridge Outside in all regards, except it has
a tyrosine residue at position 32, which is the loop region between helix 1 and 2. A) An electron on ZnPPIX is excited
by the cofactor absorbing a photon. B) In the excited state an electron is transferred onto a viologen acceptor. In the
next step the electron hole on ZnPPIX is backfilled by the tyrosine donor. C) The electron is further transferred onto the
FePPIX cofactor. D) A charge separated state has been achieved where the electron has separated from the ZnPPIX
cofactor to the FePPIX cofactor.
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5 Materials and Methods
5.1 Viologen Synthesis
The general method for synthesizing 1-methylated viologen is shown in Scheme 1, while the specific
synthesis route for 1-benzyl-4,4’-bipyridinium is shown in
N

NH+

Nitromethane, RT,
1 hr

Br
Acetone, RT,
24 hrs

N

N

N

NH

+

TfO

N3

N3

Scheme 2. All chemicals were purchased either from VWR, PA or Sigma-Aldrich, MO (now MilliporeSigma).

Scheme 1 General reaction scheme for 1-methylated viologens

N

NH+
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N

N
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N3
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+
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Scheme 2 Synthesis route for 1-benzyl,1’-azidopropyl viologen (BAPV). 4,4’-bipyridine is stirred with benzyl bromide in
dry acetone for 24 hours. After recrystallization the purified material is reacted with one equivalent of 3-azidoproyl-1triflate for one hour. The product is then purified by reverse phase HPLC.

5.1.1 1-benzyl-4,4’-bipyridinium
4,4’-bipyridine (1g, 6.4 mmol) and benzyl bromide (6.1 mmol) was dissolved in 80 mL of acetone and stirred
at room temperature for 24h. A yellow precipitate was filtered and washed with acetone as follows a
literature method47. The precipitate was recrystallized in isopropanol and ethyl acetate which yielded brown
crystals. Yield: 910 mg/60 %.
1

H NMR D2O δ= 9.29 (d, 2H, J=6.87 Hz), 9.17 (d,2H, J=6.81 Hz), 8.66 (d, 2H, J=5.79 Hz), 8.15 (d,1H), 7.61

(m, 5H), 6.02 (s,2H)

5.1.2 1-benzyl,1’-azidopropyl-4,4’-bipyridinium (BAPV)
The recrystallized 1-benzyl-4,4’-bipyridinium was dissolved in nitromethane and stirred at room
temperature. One equivalent of 3-azidopropyl-1-trifluoromethanesulfonate was added dropwise via syringe.
The reaction was complete in 30 minutes. The compound was purified on a Proto 300 C18 10µm 250×20
mm column with a method going from 0 to 10% acetonitrile in 40 minutes at 10 mL/min. The product peak
was collected, rotary evaporated, and dried in the dark under lyophilization. The NMR data is shown in
Figure 40. Acronym: BAPV
1

H NMR D2O δ= 9.99 (d, 2H), 8.83 (s,2H), 8.41 (d, 2H), 8.15 (d,1H), (peak under water signal, 2 protons),

3.45 (t, 2H), 2.28 (m, 2H)

5.1.3

1-azidopropyl-4,4’-bipyridinium

4,4’-bipyridine (11.7 mmol) was dissolved in (10 mL) nitromethane under N2 and stirred at room
temperature. One equivalent of 3-azidopropyl-1-trifluoromethanesulfonate was added dropwise via syringe
through a rubber septum. The reaction proceeded for one hour. The reaction mixture was then rotary
evaporated and dissolved in water. 1’-azidopropyl-4,4’-bipyridinium was then separated from the mixture
by reverse phase HPLC on a Proto 300 C18 10 µm 250×20 mm column. The method was isocratic 3.7 %
acetonitrile in water with 0.1 % trifluoroacetic acid. The product elutes at tR=11 min. The peak was collected,
rotary evaporated to remove the acetonitrile and TFA, and then dried overnight by lyophilization. The
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product was then stored at −20 °C (Yield 63%). The product’s mass was verified by MALDI-TOF, m/z=
254.53 Da (Figure 21). The NMR spectrum is shown in Figure 37.
1

H NMR CD3CN δ=8.89 (d, 4H, 6.5 Hz), 8.37 (d, 2H, 6.43 Hz), 7.9 (d, 2H, 5.54), 5.98 (s, 1H), 4.7 (t, 2H, 7.2

Hz), 3.48 (2H, 2H, 6.38 Hz) 2.23 (m, 2H, 6.83 Hz).

5.1.4 3.1.2.2 1-methyl,1’-azidopropyl-bipyridinium (MAPV)
1-azidopropyl-4,4’-bipyridinium was dissolved in nitromethane and put under N2 atmosphere. One
equivalent of 1 DIPEA was added by syringe. Methyl trifluoromethanesulfonate was then added dropwise
by syringe. The reaction was complete in 20 minutes at room temperature (Yield 99%). The product was
purified by HPLC. The NMR data is shown in Figure 38. Acronym: MAPV
NMR data
1

H NMR D2O δ=9.15 (d, 2H, 6.58 Hz), 9.06 (d, 2H, 6.49 Hz), 8.54 (dd, 4H, 12.0 Hz, 6.40 Hz,) 4.85 (t, 2H

7.14Hz), 4.51 (s, 1H) 3.55 (t, 2H, 6.23 Hz), 2.34 (m, 2H, 6.60 Hz)

5.1.5 2,2’,6,6’-tetramethyl-4,4’-bipyridine
2,2’,6,6’-tetramethyl-4,4’-bipyridine was prepared by a reductive coupling of 2,6-lutidine followed by
oxidation of the intermediate lutidine-sodium adduct by SO248. Sodium metal was inserted into a threenecked round bottom flask (100 mL) which was then purged from oxygen with nitrogen. Then 2,6-lutidine
(5 mL , 4.50 g) in 40 mL of dry THF was added. The mixture was stirred magnetically until it solidified (16
hours) under positive nitrogen pressure. SO2 was then passed over the mixture at a slow rate such that the
solvent did not begin to reflux. A violet zone began to form, which moved down towards the bottom of the
flask. SO2 continued to pass over the solution until this formation had stopped (4 hours). The round bottom
was then cooled in an ice/sodium chloride slurry and ethanol (50 mL) was added slowly. The mixture was
neutralized with NaOH 10M until it reached a pH between 7 and 8. The organic phase was then removed,
and the aqueous layer was then extract 8 times with t-BuOMe (20 mL). The organic phase was then
evaporated to yield a yellowish residue. The residue was recrystallized from water to give a crystalline white
solid (Yield 45%). The proton NMR data is shown in Figure 41.
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NMR data
1

H CDCl3 δ=7.17 (s, 4H), 2.60 (s, 12H)

5.1.6 2,2’,6,6’-tetramethyl-1’-azidopropyl-4,4’-bipyridine
2,2’,6,6’-4,4’-bipyridine (200 mg, 0.94 mmol) was dissolved in 15 mL nitromethane under N2 and stirred at
room temperature. One equivalent of 3-azidopropyl-1-trifluoromethanesulfonate was added dropwise via
syringe through a rubber septum. The reaction proceeded for four hours. The reaction mixture was then
rotary evaporated and dissolved in water. 1’-azidopropyl-2,2’,6,6’-tetramethyl-4,4’-bipyridinium was
separated from the mixture by reverse phase HPLC on a Proto 300 C18 10 µm 250×20 mm column. The
method was 13 % acetonitrile in water with 0.1 % trifluoroacetic acid at a flowrate of 18 mL/min. The product
elutes at tR=12.2 min. The peak was collected, rotary evaporated to remove the acetonitrile and TFA, and
then dried overnight by lyophilization. The product was then stored at −20 °C (Yield 63%). The proton NMR
data is shown in Figure 42.
NMR data
1

H D2O δ=8.06 (s, 2H), 7.94 (s, 2H), 4.60 (m, 2H, 8.45 Hz), 3.56 (t, 2H, 6.24 Hz), 2.90 (s, 6H), 2.74 (s,

6H), 2.12 (m, 2H)

5.1.7 3.1.3.3 1,2,2’,6,6-pentamethyl,1’-azidopropyl-4,4’-bipyridinium (MAPTV)
1-azidopropyl-4,4’-bipyridinium was dissolved in nitromethane and put under N2 atmosphere. One
equivalent of 1 DIPEA was added by syringe. Methyl trifluoromethanesulfonate was then added dropwise
by syringe. The reaction was complete in 20 minutes at room temperature. After rotary evaporation the
product was purified by reverse phase HPLC (Yield 99%). The product’s mass was verified by MALDI-TOF.
[M+] Mass calculated for C18H25N5 was 311.2 Da, the found m/z was 311.2 Da (see Figure 25). The proton
NMR data is shown in Figure 43. Acronym: MAPTV

25

NMR data
1

H D2O δ=8.15 (d, 4H, 6.15 Hz), 4,7 (m, 2H?)2, 4.15 (s, 3H) 3.65 (t, 2H, 6.23 Hz), 2.98 (s, 6H), 2.90 (s,

6H), 2.19 (m, 2H)

5.1.8 Synthesis of 2,2’-dimethyl-4,4’-bipyridine (DMBP)
DMBP was prepared by reductive coupling using sodium metal49. Sodium (292 mg, 12.7 mmol) was cut
into small pieces and added to a round bottom flask containing 2-methylpyridine (25 mL, 254 mmol) under
nitrogen. The reaction was run for two days until all the sodium had dissolved and the reaction had turned
a deep blue color. The solution was then heated at 90° C for 8 hours to complete sodium digestion. Oxygen
was bubbled into the hot mixture which caused a vigorous reaction. After a minute a semi-solid solution
remained. Remaining 2-methylpyridine was removed by rotary evaporation leaving a brown residue. The
residue was phase extracted 3 times with methylene chloride and 1M NaOH water. The organic phase was
rotary evaporated leaving a yellow oil. The crude was purified on a silica column using 3:1 ethyl acetate:
acetone with 1 % triethylamine. The collected fractions were then recrystallized in hexane and then in
diethyl ether which yielded a pure product. NMR spectrum shown in Figure 44.
NMR Data
1

H NMR (CDCl3): δ=8.60 (d, 2H, J=5.2 Hz), 7.39 (s, 2H), 7.33 (d, 2H, 6.5 Hz), 2.65 (s, 6H)

5.1.9 Synthesis of 1-azidopropyl-2,2’-dimethyl-4,4’-bipyridine (1-AP-DMBP)
1-azidopropyl-2,2’-dimethyl-4,4’-bipyridine (50 mg, x mol) was dissolved in (x mL) nitromethane under N2.
One equivalent of 3-azidopropyl-1-trifluoromethanesulfonate was added dropwise via syringe through a
rubber septum. The reaction proceeded much like the other variants of this reaction and was finished in
four hours.
The reaction mixture was then rotary evaporated until only an oily residue remained and dissolved in water.
1-azidopropyl-2,2’-dimethyl-4,4’-bipyridine was separated from the mixture by reverse phase HPLC on a
Proto 300 C18 10 µm 250×20 mm column. The peak was collected, rotary evaporated to remove the

2

These protons are thought to be part of the propyl arm, unfortunately this peak overlaps with the
residual water peak and is therefore not possible to integrate.
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acetonitrile and TFA, and then dried overnight by lyophilization. The product was then stored at −20 °C
(Yield 34% based on the chromatogram). The proton NMR spectrum is shown in Figure 45.
NMR Data
1

H NMR (D2O): δ=8.85 (d, 1H, 6.62 Hz), 8.61 (d, 1H, 5.10 Hz), 8.26 (d, 1H, 2.03 Hz), 8.18 (dd, 1H, 6.59

Hz, 2.09 Hz), 4.70 (t, 2H, 7.55 Hz), (t, 2H, 6.28 Hz), 2.94 (s, 3H), 2.64 (s, 3H), 2.26 (m, 2H)

5.1.10 Synthesis of 1-azidopropyl-1’,2,2’-trimethyl-4,4’-bipyridine (MAPDV)
Prepared according to the general method of methylation with methyl triflate in nitromethane. Acronym:
MAPDV
NMR data
The data is unfortunately rather poor, and a cleaner spectrum is required to properly make assignments.
However, the NMR data is shown in Figure 46.

5.1.11 Preparation of 3-azidopropanol
3-chloro-1-propanol (10.0 g, 0.11 mmol) and sodium azide (17.18 g, 0.26 mol) were dissolved in 100 mL of
water and reacted overnight at 95 °C50. The reaction mixture was cooled down to room temperature and
then mixed with 400 mL of ethyl ether. The product was extracted in three steps with a total of 800 mL of
saturated NaCl. The organic layer was dried over anhydrous magnesium sulfate and filtered. The filtrate
was then carefully evaporated under vacuum to obtain the product. Subsequent vacuum distillation yielded
a pure product (Yield 95%). NMR data is shown in Figure 47.
NMR data
1

H NMR CDCl3 δ=3.74 (t, 2H, J=5.96 Hz), 3.45 (t, 2H, J=6.60 Hz), 2.26 (s, 1H), 1.83 (q, 2H, J=6.09 Hz)

5.2 3-azidopropyl-1-trifluoromethanesulfonate synthesis
3-azido-propane-1-ol (1.1 g, 10.9 mmol) was dissolved in 25 mL dry dichloromethane under inert nitrogen
atmosphere and cooled to 0° C stirring in an ice bath. Dry pyridine (1.03 g, 13.0 mmol) was added to the
solution via syringe51. Trifluoromethanesulfonic anhydride (2 mL, 11.9 mmol) was then added dropwise
using a syringe and the solution was stirred for 20 minutes. The reaction was diluted with 100 mL ethyl
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acetate and washed 2x with distilled water (50 mL) at pH 3 (HCl) in order to remove pyridine and pyridine
salts. The solution was then neutralized with a wash of 10 % aqueous sodium bicarbonate (25 mL), followed
by a brine wash (50 mL). The organic phase was dried over MgSO4, filtered, and condensed by rotary
evaporation (low rotational velocity at 25 °C). The reaction yielded 3-azidopropyl-1-triflate as a clear oil
(2.53g, 95% yield). The product was used directly without further purification. For this reason, no NMR data
was collected.

5.3 Protein expression
A modified Redfield media (a defined media that includes all the L-amino acids and DNA bases)52 without
L-met was initially prepared for bacterial cultures, with final concentrations according to Table 1. Glycerol
stock containing bacteria with the desired pQE30 plasmid and kanamycin resistance vector pREP4 were
plated on LB-agar containing 50 µg/mL kanamycin and 100 µg/mL carbenicillin. Plates were grown
overnight at 37° C in an incubator. The next day 50 mL Redfield medium was prepared that had L-met,
kanamycin, glucose, Vitanuts (vitamin and mineral solution - see Table 2), and carbenicillin added. The
medium was inoculated with a single bacterial colony from the agar plate and grown in a shaker overnight
at 37° C.
The next morning the overnight culture was transferred into one liter of Redfield media with the same added
reagents and is grown until OD600 is equal to 1.0. The culture was then centrifuged at 4° C at 4000 RPM for
ten minutes and the media was removed. The culture was resuspended in cold and sterile 0.9 % sodium
chloride (isotonic) solution and centrifuged again. The procedure was repeated three times to remove all Lmethionine. The culture was resuspended in fresh Redfield media without L-met and was grown for 30
minutes so that the bacteria consume all internal supplies of L-methionine. The temperature was reduced
to 18° C at this point so that the culture can cool down. 100 µM of L-HPG and 1 mM IPTG was added to
induce expression. The culture then expresses proteins for 16 hours. In the morning the culture was
centrifuged at 10,000 RPM for 10 minutes and the supernatant was poured off. The cell pellet was
resuspended in wash buffer with DNase and pefabloc added and French pressed three times. The cell
debris was spun down at 15,000 RPM for 10 minutes and the supernatant was poured off. The supernatant
was poured over a nickel column and the expressed protein was bound to the Ni-NTA column matrix. The
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protein was washed with 150 mL of wash buffer and then eluted with elution buffer (see Table 3 and Table
4 for wash and elution buffer compositions). To the protein solution 0.5 mM EDTA was added and the
solution was degassed with nitrogen. 2% V/V of TEV enzyme solution was added and the protein was either
cut for a minimum of six hours at room temperature, or overnight in the cold room. Afterwards the protein
was dialyzed into wash buffer and filtered through a nickel column to remove the tag construct. The protein
was now dialyzed three times into 50 mM sodium phosphate buffer to prepare it for viologen click
attachment.
Table 1 Final concentrations of reagents in the modified Redfield media (including L-methionine)

Reagent

Final concentration (g/L)

Mgso4
Cacl2
FeSO4*7H2O
Nicotinic Acid
(Nh4)6mo7o24
H3bo3
Cocl2
Mncl2
Znso4
Cuso4
Thiamin
Sodium Acetate
Ammonium Chloride
Sodium Hydroxide
K2hpo4
Succinic Acid
Adenine
Alanine
Glutamic Acid
Glutamine
Guanosine
Uracil
Cytosine
Thymine
Arginine
Aspartic Acid
Cysteine
Glycine
Histidine (Free Base)

4.81E-01
1.11E-02
2.78E-03
1.25E-05
9.25E-09
6.25E-09
1.375E-09
4.00E-09
7.5E-09
6.25E-09
1.25E-05
1.5
0.75
0.85
10.5
1.5
0.25
0.25
0.325
0.2
0.1
0.25
0.1
0.1
0.2
0.2
0.025
0.225
0.05
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Isoleucine
Leucine
Lysine
Methionine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
Phenylalanine
Biotin
Glucose

0.115
0.115
0.21
0.125
0.05
1.05
0.115
0.025
0.085
0.115
0.065
0
0.5

Table 2 Vitanuts stock solution. Each reagent is added to 400 mL of DI water in the specified amount. 15 mL of KOH
is added as the last step to make the metals dissolve. The solution is then sterile filtered using a 0.45 µm syringe filter
and aliquoted.

Reactant
(NH4)6Mo7O24
H3BO3
CoCl2
CuSO4
MnCl2
ZnSO4
Biotin
Thiamin
Nicotinic acid

Mass [mg]
7.4
5.0
1.1
5.0
3.2
6.0
200
104
104

Table 3 Wash buffer composition. Adjusted to pH 8.0 with sodium hydroxide

Reagent
Sodium phosphate monobasic (NaH2PO4)
Sodium chloride (NaCl)
Imidazole
Sodium azide (NaN3)

Concentration
50 mM
300 mM
20 mM
0.2 g/L

Table 4 Elution buffer composition. Adjusted to pH 8.0 with sodium hydroxide

Reagent
Sodium phosphate monobasic (NaH2PO4)
Sodium chloride (NaCl)
Imidazole
Sodium azide (NaN3)

Concentration
50 mM
300 mM
250 mM
0.2 g/L
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5.4 Covalent viologen attachment
Proteins containing L-HPG were initially spin filter concentrated using Amicon Ultra- 15 or -4 (EMDMillipore) (depending on the initial volume) to increase the concentration to a range of at least 60-70 µM.
Concentrated protein was then pipetted into a 20 mL glass vial with neck for rubber septum attachment.
Then the viologen, and the accelerating ligand tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)53, and
copper sulfate was added to the solution, as well as 50 mM phosphate buffer, pH 8.0. To the mixture was
then added a magnetic stir bar and the vial was sealed with a rubber septum and wrapped with parafilm to
hold it in place. The vial was then fitted with a canula from a nitrogen gas train going in, and a canula going
out into a water bubbler and was degassed for 15-20 minutes with oxygen scrubbed nitrogen. At this point
a concentrated solution of sodium ascorbate was added, and the CuAAC reaction was run for at least 2
hours and up to overnight.
The final concentrations of reagents are given in Table 5. After completion of the reaction the small molecule
reactants were separated from the protein by gel filtration on a PD-10 desalting column.
The eluent was then collected and purified by HPLC on a HAISIL 4.6x250 mm 5 µm C18 column using a
gradient method starting at 45% acetonitrile to 70% in water with 0.1% trifluoroacetic acid in 40 minutes at
a flowrate of 1.5 mL/min. The clicked protein peak was collected, and the organic phase was removed by
rotary evaporation at 30° C. The remaining solution was put in a 50 mL falcon tubes, flash frozen with liquid
nitrogen, and then lyophilized. The Falcon tubes were shielded from light by wrapping with tin foil to prevent
any photodegradation of the resulting protein product during the lyophilization process.
Table 5 The final concentrations of reagents in the CuAAC viologen attachment.

Reagent

Final
concentration

Notes

Protein with L-HPG
residue
CuSO4
THPTA
Sodium ascorbate
Click viologen
50
mM
phosphate
buffer, pH 8

50 µM

Or close to this concentration

500 µM
500 µM
25 mM
200 µM
50 mM

4:1 ratio of viologen to protein.
A volume of buffer is added such that the correct final
concentrations of each reagent is achieved.
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5.5 3.4 Porphyrin cofactor binding
The protein is suspended in a buffer of 100 mM boric acid, 300 mM NaCl which has been adjusted to pH
9.0 with sodium hydroxide. The iron porphyrin is then added in stages of ⅓ of an equivalent at a time and
given 5 minutes to equilibrate between additions. After binding is completed any excess, unbound ligand is
removed using a PD-10 desalting column equilibrated in the same buffer.
After desalting the zinc porphyrin can be added. This is done in a similar way, by adding ⅓ of an equivalent
at a time, however, the additions are done in the dark in order to prevent degradation since it may be subject
to photodecomposition in light conditions.

5.6 Dutton solution potentiometry
To ascertain the midpoint potentials of bound viologens we carried out potentiometry of photo loop 32HPGBAPV and Photo Loop 32HPG-MAPV
Dutton potentiometry is a method of carrying out redox potentiometry in solution54. A special gas-tight
cuvette is fitted with two side ports to allow nitrogen to be flowed over a solution in order to be kept
anaerobic. An Ag/AgCl electrode was fitted into the top port of the cuvette in order to measure the potential
of the solution.
A saturated solution of quinhydrone in pH 7.0 phosphate buffer is used to create a reference potential which
is used to fit the potentiometric data to the standard hydrogen electrode (SHE).
The protein solutions have a volume of 7 to 9 mL and are continuously stirred with a magnetic stirrer. To
titrate the redox potential of the solution, microliter additions of sodium dithionite in 1M sodium hydroxide
solution are added. As the redox potential changes, the UV-vis spectrum of the analyte is measured, and
from this measurement a Nernst curve is fitted where the 50% reduced level corresponds to the analyte’s
midpoint potential.
The buffer used in each experiment was 100 mM boric acid, 300 mM NaCl with a pH of 9.0.
To transfer electrons from the analyte, the electrode and sodium dithionite or potassium ferricyanide it is
necessary to add mediators to the solution. Mediators are organic redox active molecules which have a
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range of redox midpoint potentials to efficiently transfer electrons. As we know from Marcus theory ET, to
be efficient, must take place at appropriately spaced differences in free energy levels. Therefore, several
mediators are present to metaphorically act as a “gearbox” such that the system can rapidly reach
equilibrium.
The mediators that were used are listed in Table 6.
Table 6 Table of mediators used for Dutton potentiometry experiments. Their identities, final concentrations and redox
potential are given.

Mediator

Acronym
DAD

Concentration
[µM]
25

Redox potential [mV
vs. SHE]
260

2,3,5,6Tetramethylphenylenediamine
1,2-Naphtoquinone
Phenazine methosulfate
Phenazine ethosulfate
Duroquinone
Pyocyanin
2-Hydroxy-1,4-naphtoquinone
Indigo trisulfonate
Phenazine
Anthroquinone-2-sulfonate

NQ
PMS
PES
DQ
PC
HNQ
ITS
PHE
AQS

25
20
20
50
10
25
6
20
20

130
80
50
5
−34
−152
−90
−180
−225

5.7 Steady state fluorescence quenching measurements
Fluorescence measurements were performed on an DM-45 scanning fluorimeter (OLIS, GA). The protein
samples were made up to 3 mL of volume in a rubber septum sealed quartz cuvette. Protein samples were
dissolved in 100 mM boric acid, 300 mM NaCl at pH 9. Protein samples had oxygen removed by flowing
wetted oxygen scrubbed nitrogen over the sample for 15-30 minutes (oxygen was removed from the
nitrogen gas using bubblers containing a mixture of vanadium sulfate, zinc and sulfuric acid55). Eventual
further oxygen removal, as well as keeping the solution anaerobic, was achieved by using a glucose
oxidase/catalase which removes oxygen through glucose oxidation56. To construct standard curves for
fluorescence

measurement

we

used

the

laser

dye

4-(Dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran (DCM) which absorbs around the Soret peak of zinc porphyrins used in our
investigations. The standard curves were created by measuring the absorption of DCM in methanol at 426
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nm for different concentrations and comparing the absorption to the fluorescence at the emission maximum
for the zinc porphyrin cofactors which resulted in a linear calibration curve for each experiment.
The titrations were performed by adding at least 0.1 equivalents of zinc porphyrin cofactor per step and
then measuring the resulting Q-band emission spectrum of the bound cofactor.

5.8 DNA cloning
DNA cloning of protein sequences was performed using overlap extension PCR57. Photo HHHF together
with a 6x-his tag and a thioredoxin solubility co-protein which we used as the basis for modification was
originally inserted in a pET32a vector. The sequence of interest was cloned using megaprimers with
annealing sites for both pET32a and pQE30. All enzymes were purchased from New England biolabs, MA
(NEB). Cloned inserts were separated on 2% agarose gel containing 0.5 µg/mL ethidium bromide and
purified by excision and separation from the agarose matrix using a Gel Extraction Kit from NEB. The
pQE30 vector was a kind gift from Dr. Jennifer Hagpanah at the Scott Banta lab (Columbia University, NY).
Table 7 The first two primers are the overlap extension PCR primers for inserting genes into pQE30 from pET32a and
sequencing primer. The third primer is the primer used for sequencing pQE30 constructs and anneals closely before
the T5 promoter.

Primer name
AC
pET32a/pQE30
OEPCR primer
BD
pET32a/pQE30
OEPCR primer
pQE30
sequencing
primer

Primer DNA sequence
5'- ACA ATT TCA CAC AGA ATT CAT TAA AGA GGA GAA ATT AAC TAT GAG
CGA TAA AAT TAT TCA CCT GAC TCA CG -3'
5'- ATC TAT CAA CAG GAG TCC AAG CTC AGC TAA TTA GGT GGT GGT GGT
GGT GCT -3'
5'-CCC TTT CGT CTT CAC CTC GA-3'

5.8.1 DNA mutagenesis
DNA mutagenesis was performed in order to introduce L-met codons into Photo HHHF. All mutations were
performed using Q5 mutagenesis kits from NEB. The mutagenesis primers were designed using the
NEBasechanger tool (http://nebasechanger.neb.com/), and then optimized to reduce homo- and heteroself annealing, and eventual hair-pin structures with large free energy changes of binding. All other steps
followed the instructions from NEBs mutagenesis protocol [Q5® Site-Directed Mutagenesis Kit Protocol
(E0554)].
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5.8.2 Plasmid preparation and DNA sequencing
Plasmids were either prepared using Miniprep, or Midiprep kits from NEB. For minipreps 5 mL of culture
would be grown overnight in Luria-Bertani (LB) media for E. coli carrying pET32a, or Terrific Broth (TB) for
pQE30/pQE3058. In the case of pET32a carbenicillin was used as the antibiotic (100 µg/mL), and for
pQE30/pREP4 both carbenicillin and kanamycin was used (100 µg/mL and 50 µg/mL respectively). It was
necessary to use TB for pQE30 preparations since the plasmid yield in LB was very low. After spinning
down the cells the plasmids were prepared according to the manufacturers protocol.
Plasmid inserts were all sequenced by Genewiz, NJ using either the T7 reverse or forward promoter primers
provided by the company, or the pQE30 sequencing primer of my own design (see Table 7).

5.9 Mass spectrometry
Protein and small molecule mass spectrometry was performed at the CUNY ASRC(NY) Mass spectrometry
core facility with a Bruker Autoflex-Speed MALDI-TOF mass spectrometer. Small molecule direct injection
mass spectrometry was also done at the CCNY Marshak building using their AB/SCIEX 4000 Q trap mass
spectrometer.
The instrument was calibrated using bovine myoglobin and hemoglobin, and cytochrome C. Proteins and
protein-viologen complexes were analyzed directly after lyophilization. Sinapinic acid was used as a laser
matrix.
Small molecules were also analyzed using MALDI-TOF either spotted without matrix, or co-precipitated
with α-cyano-4-hydroxycinnamc acid (CHCA), or DHB59.

5.10 Time correlated single photon counting (TCSPC)
TCSPC was performed at NREL by Dr. Cara Lubner. She measured the lifetime of Photo:FePPIX:ZnPPIX.
The sample was excited at 426 nm at and OD of 0.3 in a 2 mm path length cuvette. The sample was
prepared in an oxygen free glove box and then the oxygen scrubbing glucose enzyme system was added
to keep the sample oxygen free. One equivalent of ZnPPIX was added just before the experiment.
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6 4. Results & Discussion
6.1 Viologen synthesis
All viologens were successfully synthesized. 2,2’-dimethyl-4,4’-bipyridine, and especially 2,2’,6,6’tetramethyl-4,4’-bipyridine are sterically hindered at the nucleophilic nitrogen. The free electron pair at the
site is also delocalized by aromaticity which makes the bipyridine poor bases, and that makes them poor
nucleophiles as well. For example the pKa of the first protonation 2,2’,6,6’-tetramethyl-4,4’-bipyridine is 6.3
and the second is 5.160. Therefore, it was necessary to use a very good leaving group which we found in
the form of the trifluoromethanesulfonate (triflate) group. Azides are not stable in light and heat and for this
reason we found that it was important to store the materials in a freezer (𝑇

20° 𝐶 .

6.2 Protein construction, expression and complex assembly
In order to express L-HPG incorporating proteins it was first necessary to change the expression system
from being based on T7 RNA polymerase to T5 RNA polymerase. The protein encoding sequence was
therefore moved from the vector pET32a(+) to pQE30 which recruits the native bacterial T5 polymerase for
DNA transcription which can incorporate L-HPG into the extending protein polymer.
We were able to express 3 different proteins for experimental use. Starting from Photo HHHF we made
Photo Loop 32HPG which can attach to a viologen in the first loop region of the 4-helix bundle. Photo Bridge
outside 55HPG which can bind a viologen in the 2nd α-helix, at a position between the zinc and iron porphyrin
We used extension overlap PCR for cloning protein strands and TRX-solubility tag61 into pQE30 with
successful results. Protein expression in Redfield media using our protocol produced between 15-30 mg of
pure TEV cut protein per liter of medium. L-HPG incorporation was proven successful by MALDI-TOF
measurements.
It was possible to attach every viologen to different L-HPG carrying versions of Photo HHHF (i.e. Photo
Bridge Outside 55HPG, Photo Bridge Outside Tyrosine 55HPG 32Y, and Photo Loop 32HPG) by using
CuAAC click chemistry. Protein-viologen conjugates were purified using reverse phase HPLC. Successful
expression of proteins, and successful incorporation of viologens into those proteins were proven through
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MALDI-TOF as well as UV-vis absorption measurements. The sequences of the expressed proteins are
shown in Table 8.
Table 8 Protein sequences. These proteins are all 4-helix bundles based on HHHF. The specific amino acid differences
are highlighted in yellow. The methionine codon is replaced by L-HPG at expression time.

Protein name
HHHF

Photo HHHF

Photo loop 32HPG

Photo bridge outside 55HPG

Photo Bridge outside tyrosine
55HPG 32Y

Amino acid sequence
GEIWKQFEDALQKFEEALNQFEDLKQLGGSNSGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSSTGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSSGGSG
GEIWKQFEDALQKFEEALNQFEDLKQL
GEIWKQHEDALQKFEEALNQFEDLKQLGGSNSGSG
GEIFKQHEDALQKFEEALNQFEDLKQLGGGGSSTGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSSGGSG
GEIFKQFEDALQKFEEALNQFEDLKQL
GEIWKQHEDALQKFEEALNQFEDLKQLGGSGMGSG
GEIFKQHEDALQKFEEALNQFEDLKQLGGGGSSTGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSGDGSG
GEIFKQFEDALQKFEEALNQFEDLKQL
GEIWKQHEDALQKFEEALNQFEDLKQLGGSNSGSG
GEIFKQHEDALQKFEEALNMFEDLKQLGGGGSSTGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSSGGSG
GEIFKQFEDALQKFEEALNQFEDLKQL
GEIWKQHEDALQKFEEALNQFEDLKQLGGSYSGSG
GEIFKQHEDALQKFEEALNMFEDLKQLGGGGSSTGSG
GEIWKQHEDALQKFEEALNQFEDLKQLGGSSGGSG
GEIFKQFEDALQKFEEALNQFEDLKQL

After HPLC purification of the viologen-clicked proteins they were resuspended in 100 mM boric acid, 300
mM NaCl pH 9.0 buffer. In order to create the protein complex aliquots of iron heme is first added, typically
6 additions of ⅙ of an equivalent added with 5 minutes of equilibration time. After heme addition the
complex is desalted on a PD-10 column (GE Healthcare) to remove any unbound heme. This makes it
possible to add the zinc porphyrin in a second step since it opens the pentacoordinate binding site. This
process is shown in Figure 10. The fact that the protein retains the iron heme after the PD-10 treatment
also serves as proof of ligation to the protein since the PD-10 will remove any small unbound molecule.
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Figure 10 Complex assembly a) The protein is expressed under conditions where it incorporates L-HPG in the loop b)
The iron porphyrin is added first. c) This opens the second pentacoordinate site for binding, and the zinc porphyrin is
bound in d)

6.3 Dutton solution potentiometry
The midpoint potential of PL32HPG-Benzyl viologen was fitted to a value of −350±3 mV (panel A in Figure
11) with a one electron Nernst equation. Panel B shows the redox titration of PL32HPG-MAPV −398±6 mV.
These values are close to the values for the free viologens in solution. The literature redox potential value
for benzyl viologen (i.e. 1,1’-dibenzyl-4,4’-bipyridinium) is −374 mV vs. SHE and for methyl viologen the
value is −450 mV vs. SHE. Possible reasons for deviations from the free viologens may be caused by
charge-charge interactions with the attached protein, or less likely, through-bond interactions with the
covalent attachment protein-molecule attachment.
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Figure 11 Dutton solution potentiometry measurements of the redox potential of A) PL32HPG-BAPV B) PL32HPGMAPV

6.4 Voltammetry
It is important to know the ground state redox potential of ZnPPIX in Photo HHHF in order to determine the
what the driving forces are from excited state PD to viologen acceptor, and from viologen acceptor to the
ground state. If the ground state potential is known, then the excited state potential can be calculated from
the photon energy of the most red-shifted Q-band of ZnPPIX that represents the lowest excited energy
state of the molecule. The ground state potential of Photo HHHF:ZnPPIX was determined to be +770 mV.
vs SHE using cyclical voltammetry as shown in Figure 12 (This data was graciously measured by our
collaborator USTAR prof. Dr. Shelley Minteer). The furthest Q-band peak maxima of Photo HHHF:ZnPPIX
is at a wavelength of 588 nm. To calculate the approximate photon energy at a given wavelength (10) is
used, which is based on the formula 𝐸

with eV as the energy unit. h is Planck’s constant, c is the speed

of light in vacuum, and lambda is the variable representing the photons wavelength given in micrometers.

𝑬

𝟏. 𝟐𝟑𝟗𝟖
𝝀

(10)

Thus, the photon energy at 588 nm is 2.11 eV. The redox potential of the excited state can then be
calculated by adding the photon energy to the redox potential of the ground state. Since the energies are
already in electron volt the conversion is simply given by subtracting the excited state energy from the
ground state energy, algebraically 𝐸

∗

.

.

1.34 𝑉. The conversion

works since the energy in electron volts of a mole of electrons is proportional to Faraday’s constant: 𝐸 𝑒𝑉
𝐸𝐹

where E is the energy in eV, and F is Faraday’s constant.

With this information as a basis the free energy change driving force of ETs can be calculated for each
viologen, both for the forward and the reverse ET.
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Figure 12 cyclical voltammogram of Photo HHHF:ZnPPIX. The ground state potential of Photo HHHF:ZnPPIX complex
was determined to be +770 mV vs. SHE. This data was collected by Dr. Shelley Minteer USTAR Professor at The
University of Utah. The red lines (full and dashed) represents Photo HHHF:FePPIX:ZnPPIX, while the black line
represents the control which is PhotoHHHF:FePPIX.

6.5 4.4 Steady state fluorescence electron transfer measurements
6.5.1 Photo HHHF is significantly less quenched than HHHF
As we had hypothesized the tryptophan residues which are located near the ZnPPIX binding site did quench
the cofactor’s fluorescence which is shown in Figure 13. The initial points of the binding titrations where
curve fitted with lines to get a measure of the fully bound fluorescence. The initial slope of HHHF is 78±5
[DCM corrected units

μM ] while the initial slope of Photo HHHF is 123±4 [DCM corrected units

This data was acquired by averaging over three titrations of 0.1 µM Photo HHHF or HHHF The ratio
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μM ].

0.37

0.07

3

shows that HHHF quenches 37

7% of the fluorescence which we attribute to the presence

of the two tryptophan residues near the pentacoordinate site in the case of HHHF.

Figure 13 These fluorescence titrations compare HHHF with Photo HHHF. ZnPPIX was used as the titrant and the
fluorescence was recorded. Here the emission at 594 nm is plotted vs. the concentration of ZnPPIX. The emission was
standardized using a DCM calibration linear fit. Each titration was performed three times and the averages with standard
deviations were plotted.

6.6 TCSPC
The fluorescence lifetime of Photo HHHF, 𝜏

, has been determined to be 1.2 ns which allows the ET

rates to be calculated from the Stern-Volmer relationship. Figure 14 shows the photon count at 600 nm.

3

The error was calculated as the average of the difference between the largest possible ratio and the
actual ratio, and the absolute value of the difference between the smallest possible ratio and the actual
ratio. 𝑟
𝑟
𝑎𝑏𝑠 𝑟
𝑟 /2
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The data was fitted with a single exponential (𝐴

𝑒

the rate constant the calculated mean lifetime is 𝜏

) giving a rate constant of 0.82
.

1.2

0.01 𝑛𝑠

. From

0.01𝑛𝑠4.

Figure 14 Photo HHHF:FePPIX:ZnPPIX TCSPC. The data was fitted with a single exponential giving a rate constant of
0.82±1. Data was fitted for the fluorescence emission at 600 nm.

6.7 Photo loop 32HPG dyadic electron transfer
The viologen constructs all show quenching vs. Photo HHHF. Furthermore, the amount of quenching
follows a predictable trend based on a reorganization energy in a mixed protein/water environment. Figure

4

The error was calculated by adding the ratio of 1 over the lower and upper bounds of the rate constant

error and averaging, i.e.
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15 shows the fluorescence quenching relative to the Photo HHHF control and it ranges from 72% for BAPV
to 97.8 % for MAPTV.
The degree of quenching can be used to calculate the rate of ET to the acceptor cofactor62, which in turn
can be fitted to a Marcus curve that represents the parabolic relationship between the ΔG0 of the excited
electron donor and acceptor and the rate of ET.
After the primary donor HOMO electron is photoexcited into its LUMO orbital there are three possible paths
of relaxation back to the ground state. The PD can emit a photon either through fluorescence or reconfigure
to a triplet state and phosphoresce. Third and most important for our purposes; the PD can relax by
transmitting the excited electron to an acceptor molecule. Thus, by measuring the degree of quenching,
and by using the fluorescence lifetime, we can determine the rate of ET.
The possible kinetic processes taking place after photon absorption in a PL32HPG-viologen with a zinc
heme primary donor is shown in Figure 7.
Since the distances are fixed in the complexes the mode of quenching is considered static63. By considering
the ratio of quenched emission in the viologen complexes to the non-quenched emission in Photo HHHF
we can calculate how much of the absorbed photonic energy is going into ET vs. being re-emitted as a
fluorescence photon. The emission in consideration is that of the initial linear slope of the ZnPPIX binding
titration curves. We can compare the kinetic processes of Photo HHHF shown in (11) to the kinetic
processes of the ZnPPIX-viologen protein complex (12).
𝒁𝒏𝑷𝑷𝑰𝑿𝟐

𝒁𝒏𝑷𝑷𝑰𝑿𝟐

𝒉𝝂

𝑽𝟐

𝒁𝒏𝑷𝑷𝑰𝑿𝟐

𝒉𝝂

∗

𝒁𝒏𝑷𝑷𝑰𝑿𝟐

→ 𝒁𝒏𝑷𝑷𝑰𝑿

𝟐

𝒁𝒏𝑷𝑷𝑰𝑿𝟐

𝒌𝒇

∗
𝟐

𝑽

𝑽𝟐

𝒌𝒇

∗

𝒌𝒏𝒇 → 𝒁𝒏𝑷𝑷𝑰𝑿𝟐

𝒁𝒏𝑷𝑷𝑰𝑿𝟐
𝟑

𝒁𝒏𝑷𝑷𝑰𝑿

∗

𝑽𝟐

𝒌𝒆𝒕

(11)

(12)

𝑽

Here kf represents the rate constant for fluorescence decay and knf represents decay back to the ground
state through non-radiative mechanisms (i.e. heat dissipation). kf and knf together relate to the fluorescence
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lifetime as (12) when no fluorescence quencher is present (e.g. an electron acceptor). The lifetime
represents the time for the excited fluorophore to decay back to a value of 1/e times its original value. This
is the same lifetime that was fitted for Photo HHHF through TCSPC measurement. By knowing the lifetime,
we can then deduce the ET rates of the viologen complexes. The relation between kf and knf and the lifetime
τ is shown in (13).
𝐤𝐟

𝐤 𝐧𝐟

𝟏/𝝉

(13)

and comes from the fact that the exponential rate is (14)
𝒓

𝐞𝐱𝐩

𝒌𝒇

𝒌𝒏𝒇 𝒕

𝐞𝐱𝐩 𝒕/𝝉

(14)

This is an approach similar to the Stern-Volmer treatment64, with the caveat that the concentration of bound
primary donor is not an independent variable, and cannot be varied as such, but is dependent on the
concentration of protein which is fixed
Let Φ represent the fluorescence quantum yield, which we define as (15).

𝚽

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒆𝒎𝒊𝒕𝒕𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔

The rate of absorption is 𝐼

𝑘

𝑹𝒂𝒕𝒆 𝒐𝒇 𝒆𝒎𝒊𝒔𝒔𝒊𝒐𝒏
𝑹𝒂𝒕𝒆 𝒐𝒇 𝒂𝒃𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏

(15)

𝐹 where F is the fluorescing molecule in its ground state and kabs

represents the rate constant of photon absorption. Meanwhile, the rate of emission is 𝐼

𝑘 𝐹

∗

where kf

is the rate constant of fluorescence and [F]* is the concentration of excited state fluorophore.
If the amount of irradiation striking the sample is constant the ratio of these rates will reach a steady state
and therefore their ratio will be constant.
If we define the differential equation for the change over time of the excited population in terms of the given
variables and constants we can express it in (16).
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𝛅𝐅∗
𝜹𝒕
𝛅𝐅∗
𝜹𝒕

𝑰𝒂𝒃𝒔

𝒌𝒇

𝒌𝒏𝒇 𝑭

∗

(16)

𝑰𝒂𝒃𝒔

𝑰𝑷𝑬𝑻

𝒌𝒇

𝒌𝒏𝒇 𝑭

∗

Under steady state conditions (16) is equal to zero and can be re-arranged into
𝑰𝒂𝒃𝒔

𝒌𝒇

𝒌𝒏𝒇 𝑭
𝒌𝒏𝒇 𝑭

𝑰𝟎

𝑰𝒂𝒃𝒔

∗

(17)

∗

If we introduce a PET quencher such as a viologen, the expression becomes (18).
𝛅𝐅∗
𝜹𝒕

𝑰𝒂𝒃𝒔

𝑰𝑷𝑬𝑻

𝑰𝟎

𝒌𝒏𝒇 𝑭

∗

(18)

If we let I0 be the intensity of the non-quenched emission, and IPET the emission of the photoinduced ET. If
we now go ahead and express the quantum yield in these newly derived terms for the non-quenched
situation, we get (19) which expresses the quantum yield entirely in terms of the fluorescence- and nonradiative rate constants.

𝚽𝟎

𝑰𝟎
𝑰𝒂𝒃𝒔

𝑭
𝑭

∗
∗

𝒌𝒇
𝒌𝒇 𝒌𝒏𝒇

𝒌𝒇
𝒌𝒇 𝒌𝒏𝒇

(19)

The differential equation in the case where an electron acceptor exists is similar, but we must add a rate
constant for the ET.
𝛅𝐅∗
𝜹𝒕

𝑰𝒂𝒃𝒔

𝒌𝒇

𝒌𝒏𝒇

𝒌𝑷𝑬𝑻 𝑭

∗

(20)

Analogously then, when we make us of (20), the quantum yield for the case when an electron acceptor is
present becomes (21).
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𝑰𝟎
𝑰𝒂𝒃𝒔

𝚽𝐏𝐄𝐓

𝒌𝒇
𝒌𝒏𝒇 𝒌𝑷𝑬𝑻

𝒌𝒇

(21)

The ratio of the quantum yields is equal to the ratio of the observed emission intensities for each case.
𝑰𝟎
𝑰𝑷𝑬𝑻

We know that the ratio

𝚽𝟎
𝚽𝑷𝑬𝑻

𝒌𝒇

𝒌𝒏𝒇 𝒌𝑷𝑬𝑻
𝒌𝒇 𝒌𝒏𝒇

𝟏

𝟏
𝒌𝒇

𝒌𝒏𝒇

𝒌𝑷𝑬𝑻

(22)

equals the lifetime from (13) so we can rewrite (22) as (23). With this equation

the PET rate constant can be derived for each case since we know the lifetime of Photo HHHF and we can
calculate the intensity ratio for each viologen complex vs. Photo HHHF.
𝑰𝟎
𝑰𝑷𝑬𝑻

𝟏

𝝉

𝒌𝑷𝑬𝑻

(23)

re-arranging (23) lets us solve for kPET.

𝒌𝑷𝑬𝑻

𝑰𝟎
𝟏
𝑰𝑷𝑬𝑻
𝝉

(24)

The derived rates of photoinduced electron transfer are shown in Table 9 and follow a trend where the
electron transfer rate increases from BAPV, through MAPV, and maximizes itself for MAPDV to reduce to
about half that value for MAPTV.
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Table 9 Derivation of electron transfer rates based on fluorescence quenching relative to Photo HHHF.

Protein
complex

Photo
HHHF
PL32HPGBAPV
PL32HPGMAPV
PL32HPGMAPDV
PL32HPGMAPTV

0

Emission
intensity
ratio
𝑰𝟎
𝑰𝑷𝑬𝑻
1

0

49.6±0.5

72.4

3.63

2.19

9.8±0.7

94.6

18.4

14.5

2.2±0.1

98.8

98.8

67.3

3.8±0.5

97.9

47.4

32.2

Initial
titration
slope
𝒇𝒍𝒖𝒐
𝝁𝑴 𝟏
180±10

Quenching
(%)

kPET (
𝟏𝟎𝟗 𝒔 𝟏

Figure 15 Photo loop 32 HPG titrated with ZnPPIX for different click chemistry attached viologens. A) Titrations with all
data points B) Magnification of the initial part of the graph. BV: Benzyl viologen (BAPV). MV:Methyl viologen (MAPV).
MAPDV: Trimethyl viologen (MAPDV). PMV: Pentamethyl viologen (MAPTV). Protein concentrations were 2 uM and
titrations were made by microliter additions anaerobically via syringe. Open upward triangles: Photo HHHF. Open
rectangles: PL32-BAPV. Open circles: PL32MAPV. Downward facing open triangles: PL32-MAPTV. Open diamonds:
PL32-MAPDV.

We fitted the electron transfer rates to Dutton ruler with a parameterized λ as well as R (the distance in Å
between cofactors) and γ which is shown in Figure 16 per the parameterized Moser-Dutton equation in
(25).
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𝒍𝒐𝒈 𝒌𝑬𝑻

. The fitted value for lambda was 0.73

𝟏𝟓

𝟎. 𝟔𝑹

𝜸 𝚫𝑮 𝝀
𝝀

𝟐

(25)

0.06 eV, and the distance between the PD and A is on the order

of 7 Å which fits our model. This reorganization energy is fairly low and evinces the protein environments
ability to lower the reorganization energy.65 The high value for gamma also reflects the low reorganization
energy.

Figure 16 Marcus parabola with the rates of PL32HPG clicked with different viologens. The data was fitted with a
Marcus parabola where the exponential coefficient and the reorganization energy was used as parameters. The fitted
Marcus curve has a value of 0.73 0.06 𝑒𝑉.

6.7.1 Calculating forward and reverse electron transfer rates based on the Marcus curve
When a Marcus curve has been fitted to the experiment ET rates it becomes possible to theoretically
calculate the reverse ET rates as well. By doing this it can be shown what charge separation state is the
most long lived based on the relative rates of forward and reverse ET. The relative forward and reverse
rates based on a reorganization energy of 0.73 eV is shown in Figure 17. Benzyl and methyl viologen have
driving forces that create an overdriven kinetic situation for both the forward and reverse rates, and the
rates are rather close to each other, although the situation is better in the case of MAPV. MAPDV is very
close to the optimum of the parabola for the forward ET while the reverse transfer is slowed down due to
lying in the overdriven region. Finally, even though MAPTV’s forward rate is in the normal region, not quite
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at the optimum, it has the slowest reverse ET rate. So, for the purposes of charge separation with ZnPPIX
this is the ideal viologen. The ratios of forward to reverse ET rates span the range of 2.3 for BAPV to 369
for MAPTV as shown in Figure 18.

Figure 17 Comparing the relative forward and reverse ET rates of ZnPPIX and A) Benzyl viologen (BAPV) B) Methyl
viologen (MAPV) C) Trimethyl viologen (MAPDV) D) Pentamethyl viologen (MAPTV). Green circles are the forward
electron transfer relative rates (ZnPPIX*→Viologen) and the red circles are the reverse rates (Viologen→ZnPPIX).
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Figure 18 Ratios of forward to reverse electron transfer for the viologens based on a reorganization energy of 0.75 eV.

6.8 Photo bridge Outside results
Photo bridge has the viologen attached at a position on the outside between the primary donor site and the
iron porphyrin acceptor. In this case the viologen acts as a bridge for ET between the PD and the iron
porphyrin. One version of the protein (PBOY) was constructed to have a tyrosine in the 1st loop position
(residue 32). The tyrosine is redox active, so it can fill up the electron hole left on the PD after ET to the
viologen.
The results in Table 10 shows that the quenching is 72.2 % for PBO and 78.8% for PBOY. We hypothesize
that the tyrosine performs its job as an electron donor to the PD and that this prevents fluorescent decay
by blocking super-exchange.
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Table 10 Quenching and ET rate constants for Photo Bridge Outside or Photo Bridge Outside Tyrosine coupled with 1azidopropyl,1’,2,2’,6,6’-pentamethyl-4,4’-bipyridine

Protein
complex
Photo HHHF
PBO-MAPTV
PBOY-MAPTV

Initial titration slope
𝒔𝒕𝒅. 𝒇𝒍𝒖𝒐. 𝝁𝑴 𝟏
180±10
48.8±0.8
37.3±0.3

Quenching (%)

Emission
intensity
𝑰𝟎

𝑰𝑷𝑬𝑻

0
72.2
78.8

1
3.60
4.71

ratio

kPET
𝟏𝟎𝟗 𝒔

𝟏

(

0
2.17
3.09

The ZnPPIX titration curves for these experiments is shown in Figure 19. The bridge position proteins have
much less quenching than the photo loop protein, we think that this is due to the larger edge-to-edge
distance between the PD and the A in this case.

Figure 19 Photo HHHF vs. Photo Bridge Outside 55HPG and Photo Bridge Outside 32Y 55HPG attached to 1azidopropyl,1’,2,2’,6,6’-methyl-4,4’-bipyridinium (MAPTV)
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6.8.1 Transient absorption measurements on PBO and PBOY
Photo HHHF:ZnPPIX and PBO-MAPTV:ZnPPIX, PBOY-MAPTV:ZnPPIX samples were put into 0.2 mm
cuvettes and degassed with nitrogen. After degassing the samples also had the oxygens scrubbing system
added. The samples were excited with a laser pulse at 426 nm and the transient absorption spectra were
recorded over a period of 6000 ns. We noticed that there exists a long lived transient absorption state at
475.4 nm in the Photo HHHF:ZnPPIX sample so we compared the kinetic trace to PBO-MAPTV:ZnPPIX,
and PBOY-MAPTV:ZnPPIX which is shown in Figure 20. Fitting the traces of the two samples reveal that
there is an initial rapid decay in both samples with roughly similar lifetimes as shown in Table 11. However,
interestingly the second slower decay is much more long lived in Photo HHHF than PBOY-MAPTV. This
more rapid decay in PBOY-MAPV may indicate ET taking place between the ZnPPIX PD and the MAPTV
acceptor. However, we are not sure if it is possible to detect electron transfer from the viologen to the heme
porphyrin.

Figure 20 A) Kinetic traces of Photo HHHF, PBO-MAPTV, PBOY-MAPTV zinc heme complexes. The Photo
HHHF:ZnPPIX trace is shown in blue along with its double exponential fit in dark blue. The PBO-MAPTV ZnPPIX
complex trace is shown in green, with a dark green double exponential fit. The PBOY-MAPTV ZnPPIX complex trace
is shown in red, with a dark red double exponential fit. B) Close-up of the trace from zero to 500 ps. The ordinate has
also been truncated to a maximum value of 1 𝑚𝐴𝑈.
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Table 11 Rate constants and lifetimes of PBO and PBOY compared to Photo HHHF

Sample

1st rate constant
[𝒑𝒔 𝟏

2nd rate constant
𝒑𝒔 𝟏

exponential
2nd
lifetime [ps]

0.22±0.02

1st
exponential
lifetime [ps]
4.5

Photo
HHHF:ZnPPIX
PBOMAPTV:ZnPPIX
PBOYMAPTV:ZnPPIX

0.0017±0.0003

590

0.31±0.02

3.2

0.0089±0.0007

110

0.24±0.02

4.2

0.0072±0.001

140

6.9 Mass Spectrometry
The masses of the viologens could be confirmed with MALDI-TOF to within a Dalton. The gold standard of
confirming a successful covalent bond formation between a small molecule and a protein is MALDI-TOF.
Every viologen has been confirmed to click with PL32-HPG using MALDI-TOF by simply adding together
the mass of the viologen and the non-clicked protein and confirming that this matches the mass spectrum
of the clicked protein. The mass spectrum for PBOY and MAPTV is to be determined however, although
there is HPLC evidence of a successful click reaction.
The masses of the individual proteins closely match their theoretical molecular weights indicating successful
protein expression.
Table 12 lists the MALDI-TOF results for the viologens, while Table 13 lists the masses of the apo-proteins,
as well as their clicked versions.
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Table 12 MALDI-TOF Mass spectrometry results for viologens

Viologen
1-Azidopropyl,Benzyl viologen
(BAPV)
1-Azidopropyl,Methyl viologen
(MAPV)
1-Azidopropyl,Trimethyl
viologen (MAPDV)
1-Azidopropyl,Pentamethyl
viologen (MAPTV)

Chemical
formula
C20H22N5

Molecular
weight [Da]
331.18

m/z ratio

Delta

331.150

0.03

C14H17N5

255.15

254.528

C16H22N5

283.18

C18H26N5

311.21

Differenc
e [ppm]
90.6

Referenc
e
Figure 22

0.62
2

2440

Figure 21

280.891

2.28
9

8080

Figure 24

311.228

0.01
8

57.8

Figure 25

Table 13 Protein mass spectrometry results

Protein

Clicked
cofactor

Molecular
mass [Da]

m/z ratio

Delta
[Da]

Difference
[ppm]

Reference

Photo HHHF
Photo Loop
32HPG
Photo Loop
32HPG
Photo Loop
32HPG
Photo Loop
32HPG
Photo Loop
32HPG
PBO
PBOY
PBO-MAPTV

-

14,882.97
14,876.14

14883.13
14876.06

0.16
0.08

10.9
5.06

Figure 27
Figure 28

Benzyl
viologen
Methyl
viologen
Trimethyl
viologen
Pentamethyl
viologen
Pentamethyl
viologen
Pentamethyl
viologen

15,207.32

15,219.04

11.72

771

Figure 33

15,131.29

15,134.264

2.974

197

Figure 32

15,159.32

15,166.54

7.22

476

Figure 34

15,194.18

15,196.53

2.35

154

Figure 31

14864.13
14970.26
15175.34

14,864.28
14,971.72
15168.31

0.15
1.46
7.03

10.1
97.7
463

Figure 29
Figure 29
Figure 36

15,281.47

N/A

-

-

N/A

PBOYMAPTV

7 Conclusions and future directions
This work showed the successful creation of novel viologen cofactors that are redox active. By being
attached through click chemistry they have well defined spatial localization. The ZnPPIX:Viologen
quenching experiments show that the ET follows Marcus kinetics and allows us to create a Marcus curve
fit for the mixed hydrophobic/solvent exposed environment of these cofactors.
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There is still a need to confirm electron transfer from the PD to the ultimate acceptor porphyrin. This may
necessitate creating a bridge of more than one viologen. Another option is to create a space inside of the
4-helix bundle in which to bind one or more viologens. Achieving internal CuAAC might necessitate
conditions which denatures the protein. Some methods that have been investigated for this purpose is
addition of DMSO to lower the solvent dipole, or denaturation by heating the protein66.
We are currently investigating the creation of de-novo OEC proteins. If an OEC domain could be linked to
the PCT domain, it may be possible to create a photocatalyst capable of water splitting.
This couple could then furthermore be linked to a Cytochrome P450 BM3 enzyme domain which can
catalyze the conversion of NADP to NADPH and create bioavailable reducing equivalents.
If this 3-protein domain could be expressed in vivo it would then be possible to make a previously nonphotosynthetic microorganism photosynthetic. It would have to be investigated whether it is possible to
import viologens inside of living cells, and whether they may prove toxic to them. However in vivo click
chemistry is possible and has been investigated in both Cu(I) and copper free versions.67,68
Alternatively, we might want to eschew click chemistry altogether and design binding sites for redox
cofactors. We are now in the early stages of investigating the expression of proteins with internal sites for
nickel binding. In a fascinating paper, Hosseinzadeh et. al were able to tune the redox potential of a nickel
atom in a protein they named azurin from +50 mV to −950 mV vs SHE69.

55

8 List of acronyms and abbreviations
Name
A
BAPV
D
ET
FePPIX
L-HPG
MALDI-TOF
MAPDV
MAPTV
MAPV
NEB
(L-)Met
OD600
OEC
OR
PBO
PBOY
PD
PET
PL32HPG
QM
TA
TCSPC
THPTA
(L-)Trp
Vn
ZnPPIX

Acronym/Abbreviation
Acceptor (electron)
1-azidopropyl,1’-benzyl-4,4’-bipyridinium
Donor (electron)
Electron transfer
Iron(II) protoporphyrin IX
L-Homopropargylglycine
Matrix Assisted Laser Desorption Ionization – Time of Flight
1-azidopropyl,1’,2,2’-methyl-4,4’-bipyridinium
1-azidopropyl,1’,2,2’,6,6’-methyl-4,4’-bipyridinium
1-azidopropyl,1’methyl-4,4’-bipyridinium
New England Biolabs
L-methionine
Optical Density at 600 nm
Oxygen evolving complex
Oxidoreductase
Photo Bridge Outside 55HPG
Photo Bridge outside 55HPG 32Y
Primary donor (electron)
Photoinduced electron transfer
Photo Loop 32HPG
Quantum Mechanics
Transient Absorption
Time Correlated Single Photon Counting
tris(3-hydroxypropyltriazolylmethyl)amine
Tryptophan
Viologen
Zinc(II) protoporphyrin IX
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9 Appendix A – Mass spectrometry

Figure 21 1-Azidopropyl,1'-methyl-4,4'-bipyridine MALDI-TOF spectrum using DHB as matrix, from 1/7/2020
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Figure 22 MALDI-TOF spectrum of 1-Azidopropyl,1’-benzyl viologen
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Figure 23 1-azidopropyl,1',2,2',6,6'-pentamethyl viologen MALDI-TOF mass spectrum

Figure 24 1-azidopropyl-1',2,2'-Trimethyl viologen
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Figure 25 1-azidopropyl,1',2,2',6,6'-pentamethyl-4,4'-bipyridine (Pentamethyl viologen) MALDI-TOF mass spectrum no
matrix
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Figure 26 Photo HHHF MALDI-TOF calibration curve

Figure 27 Photo HHHF MALDI-TOF mass spectrum. Matrix Sinapinic acid in 1:1 acetonitrile:water with 0.1 % TFA.
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Figure 28 Photo loop 32HPG (PL32HPG) MALDI-TOF mass spectrum with horse heart myoglobin standard
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Figure 29 MALDI-TOF mass spectrum for PBO and PBOY with horse heart myoglobin used for calibration
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Figure 30 Horse heart myoglobin calibration curve for PBO and PBOY
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16000

18000

Figure 31 PL32-HPG-Pentamethyl viologen MALDI-TOF spectrum (not calibrated with a standard)
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Figure 32 PL32HPG-Methyl viologen MALDI-TOF spectrum from 2/12/2016
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Figure 33 PL32HPG-Benzyl viologen mass spectrum MALDI-TOF
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Figure 34 PL32HPG-Trimethyl viologen MALDI-TOF mass spectrum (non-calibrated data)
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Figure 35 Calibration curve for PL32HPG-Trimethyl viologen using cytochrome C and horse heart myoglobin.
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18000

Figure 36 Photo Bridge Outside clicked with Pentamethyl viologen, sinapinic acid matrix and horse heart myoglobin
standard
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10 Appendix B – NMR

Figure 37 1-azidopropyl-4,4'-bipyridine CD3CN proton spectrum

Figure 38 1-azidopropyl,1'-methyl-4,4'-Bipyridine proton NMR spectrum in D2O with water suppression. Collected on
Bruker II Avance 300 MHz spectrometer
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Figure 39 1-benzyl-4,4'-bipyridine, D2O, 300 MHz spectrum.
.

Figure 40 1-azidopropyl,1'-benzyl-4,4'-bipyridinium NMR 300 MHz DMSO-d6
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Figure 41 2,2',6,6'-tetramethyl-4,4'-bipyridine CDCl3 300 MHz NMR spectrum.

Figure 42 1-azidopropyl,2,2',6'6'-tetramethyl-4,4'-bipyridine proton NMR spectrum in D2O 300 MHz
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Figure 43 1-azidopropyl,1’,2,2',6'6'-pentamethyl-4,4'-bipyridine proton NMR spectrum in D2O 300 MHz

Figure 44 2,2'-methyl-4,4'-Bipyridine NMR spectrum in CDCl3 300 Mhz.
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Figure 45 1-azidopropyl,2,2'-dimethyl-4,4'-bipyridine proton NMR spectrum in D2O 300 MHz

Figure 46 1-azidopropyl,1,2,2'-dimethyl-4,4'-bipyridine proton NMR spectrum in D2O 300 MHz
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Figure 47 1H NMR of 3-azidop-propan-1-ol. the solvent was deuterated chloroform. 300 MHz spectrum.
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